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Electronic properties of surface areas decoupled from graphite are studied using scanning 
tunnelling microscopy and spectroscopy. We show that it is possible to identify decoupled 
graphene monolayer, Bernal bilayer, and Bernal trilayer on graphite surface according to 
their tunnelling spectra in high magnetic field. The decoupled monolayer and bilayer 
exhibit Landau quantization of massless and massive Dirac fermions, respectively. The 
substrate generates a sizable band gap, ~35 meV, in the Bernal bilayer, therefore, the 
eightfold degenerate Landau level at the charge neutrality point is split into two 
valley-polarized quartets polarized on each layer. In the decoupled Bernal trilayer, we find 
that both massless and massive Dirac fermions coexist and its low-energy band structure 
can be described quite well by taking into account only the nearest-neighbor intra- and 
interlayer hopping parameters. A strong correlation between the Fermi velocity of the 
massless Dirac fermions and the effective mass of the massive Dirac fermions is observed 
in the trilayer. Our result demonstrates that the surface of graphite provides a natural ideal 
platform to probe the electronic spectra of graphene layers.  
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The surface monolayer/few-layer graphene may decouple from graphite (or graphene 
multilayer), which consists of stacked layer of graphene sheets held together by weak van 
der Waals forces. Therefore, it is possible to detect two-dimensional Dirac fermions on the 
surface of such three-dimensional systems [1-7]. The richness of possible stacking 
configurations and the layer number degree of freedom of the decoupled area enable that 
the surface of graphite (or graphene multilayers) exhibits remarkably complex phenomena 
and unusual properties [1-3,8-12]. For example, coexistence of massless and massive Dirac 
fermions has been frequently observed at highly oriented pyrolytic graphite (HOPG) 
surface [1,3,5,7,13]. However, a systematic experimental study in establishing the close 
connections between the structures and the electronic properties of the graphite surface is 
still missing. Lacking of efficient method to simultaneous identify the stacking order, the 
layer number, and the electronic properties of the decoupled area limits further efforts in 
exploring the nature of quasiparticles on the surface of graphite [3].        
In this Letter, we employ scanning tunnelling microscopy (STM) and spectroscopy (STS) 
to investigate the surface of highly oriented pyrolytic graphite (HOPG). We find that 
decoupled graphene monolayer, Bernal bilayer, and Bernal trilayer on HOPG surface can 
be identified by their tunnelling spectra in high magnetic field. Landau quantizations of 
massless and massive Dirac fermions are observed in the decoupled monolayer and bilayer, 
respectively. The substrate (HOPG) breaks the layer symmetry of the Bernal bilayer and 
generates a sizable band gap, ~35 meV, in this system, which results in valley polarization 
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of the lowest Landau levels on each layer. In the decoupled Bernal trilayer, the tunnelling 
spectra in high magnetic field consist of Landau quantizations of both massless and 
massive Dirac fermions. Surprisingly, a strong correlation between the Fermi velocity of 
the massless Dirac fermions and the effective mass of the massive Dirac fermions is 
observed in the trilayer. 
The HOPG was surface cleaved with adhesive tape prior to experiments. Figure 1 
summarizes two typical STM images and 4 typical STS spectra recorded in high magnetic 
field (8 T) on HOPG surface. Figure 1(a) and 1(b) show the two different topographies with 
atomic-resolution images of the honeycomb lattice and triangular lattice, respectively. The 
appearance of the honeycomb lattice on HOPG surface can be regarded as a signature that 
the top layer is a graphene monolayer decoupled from the bulk HOPG (the separation 
between the top and second layer is larger than the equilibrium distance 0.34 nm, see 
Supplementary Fig. S1 for a typical STM image) [4]. The high magnetic field STS recorded 
in such a region, as shown in the top panel of Fig. 1c, really exhibits non-equally-spaced 
energy-level spectrum of Landau levels (LLs), which are unique to massless Dirac fermions 
in graphene monolayer [4,6,9,14].  
The triangular contrast in Fig. 1(b) suggests that the top layer of this region is, at least, 
coupled to the second graphene layer [4]. Usually, the main part of HOPG is the Bernal 
(AB-stacked) graphite and the A/B atoms’ asymmetry generated by the adjacent 
AB-stacked two layers results in the triangular lattice. Therefore, the triangular lattice is 
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observed more frequently than the honeycomb lattice on HOPG surface. The bright spots of 
the triangular lattice, as shown in Fig. 1(b), are the sites in the adjacent two layers where 
one sublattice of the first layer lies above the center of the hexagons in the second layer. 
Here we should point out that graphene bilayer and trilayer with stacking fault [8-11,15,16], 
i.e., the twisted bilayer and trilayer, on graphite surface are not included in this work. The 
twisted bilayer and trilayer exhibit quite different properties comparing with that of the 
Bernal allotropes and they can be identified easily in the STM images due to the emergence 
of moiré pattern [8-11,15,16]. Three different high magnetic field STS spectra, as shown in 
Fig. 1(c), are observed in the regions showing triangular contrast. One of them shows no 
discernible peak [the bottom panel of Fig. 1(c)], attributing to the spectrum of bulk graphite, 
i.e., the surface graphene few-layer is coupled strongly to the graphite and it does not 
exhibit any characteristic of two-dimensional systems. The other two different spectra show 
pronounced peaks of discrete LLs, indicating the quasi-two-dimensional nature of these 
surface regions where the spectra are recorded. We attribute the peaks of the two spectra to 
the Landau quantizations in the decoupled Bernal bilayer and trilayer respectively, the 
reason of which will be discussed subsequently.           
To further study the Landau quantization of graphite surface, we carried out STS 
measurements on different decoupled surface regions with different magnetic fields. Figure 
2(a) shows a series of tunnelling spectra for various magnetic fields from 0 to 8 T recorded 
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on a decoupled graphene monolayer on HOPG surface (the corresponding 
atomic-resolution STM image shows the honeycomb lattice, see Supplementary Fig. S1). 
The LLs developed as the magnetic field is increased and the Landau-level peaks are well 
resolved up to n = 5 in both electron and hole sectors (here n is the LL index). Our 
observation of the LLs is highly similar to that observed on a graphene flake on graphite [4]. 
For massless Dirac fermions in graphene monolayer, the LL energies En depend on the 
square-root of both level index n and magnetic field B [4,6,9,14]   
2
0sgn( ) 2 ,           ... 2,  1,  0,  1,  2...n FE n e n B E nn= + = − −      (1) 
Here E0 is the energy of Dirac point, e is the electron charge,   is the Planck’s constant, 
and vF is the Fermi velocity. Our analysis, as shown in Fig. 1(b) and Fig. 1(c), demonstrates 
that the sequence of the observed LLs can be described quite well by Eq. (1). The linear fit 
of the experimental data to Eq. (1) yields a Fermi velocity of vF = (1.207 ± 0.002) × 106 m/s. 
The observation of a single sequence of LLs of the massless Dirac fermions demonstrates 
the efficient decoupling of the surface graphene monolayer from the graphite [4].  
Figure 3(a) shows a sequence of dI/dV spectra with various magnetic fields obtained in a 
decoupled region showing the triangular contrast (see Supplementary Fig. S2 for the STM 
image). In zero magnetic field, there is a pronounced peak located at about 50 mV, which is 
attributed to the density of states (DOS) peak generated at the conduction band edge of 
Bernal bilayer [11,17]. With increasing magnetic field, the spectra develop into a sequence 
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of well-defined LL peaks and the DOS peak at the conduction band edge becomes a 
valley-polarized quartet, LL(0,1,+), mainly localized on the topmost graphene layer (here 0 
and 1 are the LL indices and the symbols +/- are valley indices) [11,16-18]. The other 
valley-polarized quartet LL(0,1,-), residing on the second layer, is much weaker in the 
tunnelling spectra, as the STM probes predominantly the top layer.  
To identify the orbital index n of each LL, we further examine the magnetic field 
dependence of the LL peak positions, as shown in Fig. 3(c). Besides the two 
valley-polarized quartets (which are almost independent of magnetic field), the other LLs 
show linear field dependence. For massive Dirac fermions in Bernal graphene bilayer, the 
LL spectrum takes the form [3,16,17,19]: 
1/ 2( ( 1)) / 2 ,          0,1, 2...n c gE n n E nω = ± − + =              (2) 
Here ωc = eB/m* is the cyclotron frequency, m* is the effective mass of quasiparticles, and 
Eg is the band gap. The Landau quantization shown in Fig. 3 provides compelling evidence 
that the decoupled surface region is Bernal graphene bilayer. A single sequence of LL peaks 
corresponding to massive Dirac fermions on graphite surface, although anticipated to be 
observed for many years, had never been experimentally observed before. A fit of 
experimental data to Eq. (2), as shown in Fig. 3(b), yields the effective mass (0.041 ± 
0.001)me for electrons, (0.046 ± 0.001)me for holes (here me is the free-electron mass), and 
the band gap Eg = 35 meV. Both the effective mass of the massive Dirac fermions and the 
band gap are in good agreement with the range of values reported previously for Bernal 
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graphene bilayer on various substrates [3,16,17,20-22].    
Besides the high field spectra exhibiting the single sequence of LL peaks of either 
massless or massive Dirac fermions, we frequently observed another series of spectra, 
which show sequence of LL peaks of both massless and massive Dirac fermions, on 
graphite surface. Figure 4(a) shows a series of these dI/dV spectra with various magnetic 
fields (see Supplementary Fig. S3 for a typical STM image and Fig. S4 for more 
experimental data). Some of the LL peaks depend on the square-root of magnetic field, as 
shown in Fig. 4(b), the other LLs show linear field dependence, as shown in Fig. 4(c). 
However, the field dependence of the LLs corresponding to the massive Dirac fermions in 
both electron and hole sectors extrapolates to the same zero-field value [Fig. 4(c)], 
suggesting that, within experimental error, the two quartets, LL(0,1,+) and LL(0,1,-), are 
degenerate. This quite differs from that observed in the Bernal bilayer (Fig. 3), where a 
finite band gap is generated between the conduction and valence bands. For facility, the LL 
spectrum of the massive Dirac fermions in this case can be described by [3] 
   c 0sgn( ) ( 1) ,        ... 2, 1,0,1, 2...nE n n n E nω= + + = − −      (3) 
It gives the same LL spectrum as that of Eq. (2) except the two degenerate spin-polarized 
quartets.  
  The result shown in Fig. 4(a-c) indicates that there are linear and parabolic subbands in 
the decoupled surface region, where the spectra are recorded, on HOPG. Similar STS 
7 
 
spectra on HOPG were also reported by other groups [3,5], however, the origin of the 
coexistence of massless and massive Dirac fermions on the surface of graphite is still not 
very clear. Here, we attribute the unique spectra shown in Fig. 4(a) to the Landau 
quantization in Bernal graphene trilayer on graphite surface. In Bernal graphene trilayer, the 
low-energy band structure, in the simplest approximation (only the nearest-neighbor intra- 
and interlayer hopping parameters are taking into account), consists of 
single-layer-graphene-like and Bernal-bilayer-like subbands [23-27], as shown in Fig. 4(d) 
and Fig. 4(e). The expected Landau quantization in the Bernal trilayer is in excellent 
agreement with the experimental result. Theoretically, the charge neutrality points of the 
single-layer-graphene-like and Bernal-bilayer-like subbands in the Bernal trilayer are at the 
same energy in the simplest approximation. In the experiment, there is a slight energy 
difference, within 10 meV (see Supplementary Fig. S5 for the summarized result of nine 
different samples), between the n = 0 LL of massless and massive Dirac fermions. Such a 
subtle difference is very reasonable to be observed in the Bernal trilayer when the other 
non-nearest-neighbor hopping parameters (see Supplementary Fig. S6) play a role in 
affecting its band structure [23]. Here, we should point out that the observation of 
decoupled Bernal trilayer regions on graphite surface is also reasonable with taking into 
consideration of the fact that the main part of HOPG is the Bernal graphite. This, together 
with the quantitative agreement between our experiments and calculations provide indirect 
but compelling evidence that the decoupled Bernal trilayer accounts for the emergence of 
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both massless and massive Dirac fermions on graphite surface.  
Fitting the LL peaks to Eq. (1) and Eq. (3), as shown in Fig. 4(b) and Fig. 4(c), can 
obtain the Fermi velocity of massless Dirac fermions and the effective mass of massive 
Dirac fermions, respectively. Figure 5(a) summarizes the vF and m* obtained in nine 
different Bernal trilayers on graphite surface. Here, the sample indices are indexed from 1 
to 9 with increasing the Fermi velocity, which is deduced from the Landau-level 
spectroscopy. It is interesting to note that the value of vF in different Bernal trilayers could 
differ more than 30% from each other. Similar large range of vF values was also observed in 
different graphene monolayer on graphite surface [4,9]. For example, it is measured to be 
vF = 0.79 × 106 m/s in ref. [4], to be vF = 1.10 × 106 m/s in the sample of ref. [9], and in our 
sample reported here the Fermi velocity of graphene monolayer could be as large as vF = 
1.21 × 106 m/s.  
Moreover, a strong correlation between vF and m* is observed: the value of m* decreases 
generally with the increasing of vF. The result shown in Fig. 5(a) implies a high correlation 
between the massless and massive Dirac fermions on graphite surface. It is reasonable to 
assume that there is a common origin that affects the vF and m* in the Bernal trilayer 
simultaneously. To explore this behavior further, we calculate the band structure of the 
Bernal trilayer with different hopping parameters. The values of vF and m* depend 
sensitively on the hopping parameters. For example, the increase of the nearest-neighbor 
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intralayer hopping parameter in the Bernal trilayer could simultaneously result in the 
opposite variations of the vF and m*, i.e., the value of vF increases whereas the m* 
decreases, as shown in Fig. 5(b). This effect can quanlitatively explain our experimental 
result. Theoretically, the nearest-neighbor intralayer hopping parameter depends 
exponentially on the lattice constant. Although our experimental result really demonstrates 
a decreasing trend of the lattice constant from sample 1 to 8 (see Supplementary Fig. S7), it 
is unlikely that such a slight variation of the lattice constant, ~ 1%, could account for the 
observed behavior completely. Further studies would be required for a complete 
understanding of the behavior shown in Fig. 5(a). 
  In conclusion, we demonstrate that it is possible to identify decoupled graphene 
monolayer, Bernal bilayer, and Bernal trilayer on HOPG surface by their tunnelling spectra 
in high magnetic field. Therefore, the surface of graphite provides a natural ideal platform 
to probe the electronic spectra of graphene layers. 
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Figure Legends: 
 
Figure 1. (a) and (b), Two typical atomic resolution STM images recorded on graphite surface. We can 
observe clear hexagonal lattice in panel (a) and triangular lattice in panel (b). (c), Four different dI/dV-V 
spectra recorded on different regions of graphite surface under the magnetic field of 8 T.  
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 Figure 2. (a) STS spectra of decoupled graphene monolayer on graphite surface for various magnetic 
fields. LL indices are marked. For clarity, the curves are offset in Y-axis and all the spectra are shifted to 
make the n = 0 LL stay at the same bias. (b) LL peak energies for magnetic fields of 1 to 8 T versus 
square root of LL index and applied field, as expected for massless Dirac fermions. The solid line is a 
linear fit of the data with Eq. (1). Inset: the energy of the n = 0 LL at different magnetic fields. The solid 
line is a linear fit to the data points. Similar shift of the n = 0 LL with magnetic field is also observed 
previously in graphene multilayer and is attributed to the redistribution of charge in the multilayer [6,18]. 
(c) LL peak energies for different indices n show the square-root dependence on magnetic field. The 
solid lines are the fits with Eq. (1). 
 
Figure 3. (a) STS spectra of decoupled graphene Bernal bilayer on graphite surface for various magnetic 
fields. The band gap, ~ 35 meV, and LL indices are marked. The LL(0,1,+) and LL(0,1,-) projected on the top 
layer and the underlayer graphene, respectively. (b) LL peak energies plotted against +(n(n-1))1/2B for 
conduction band and -(n(n-1))1/2B for valence band. The red lines are the linear fit of the data with Eq. 
(2). The inset shows schematic structure of LLs in bilayer graphene in the quantum Hall regime with a 
finite bandgap. (c) LL peak energies for different indices n show the linear dependence on magnetic 
field.  
 
Figure 4. (a) A series of tunnelling spectra acquired on a graphite surface. The peaks marked with blue 
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arrows correspond to LLs of massless Dirac fermions. The peaks marked with red arrows correspond to 
LLs of massive Dirac fermion. The dotted line represents the charge neutral point. (b) LL peak energies 
of massless Dirac fermion shows a linear dependence against sgn(n)(|n|B)1/2. The solid line is a linear fit 
of the data with the slope yielding a Fermi velocity of vF = (0.986 ± 0.006) × 106 m/s. Inset: LL peak 
energies for different indices n versus the square-root of magnetic field. The solid lines are linear fits of 
the data. (c), LL peak energies of massive Dirac fermions shows a linear dependence against 
sgn(n)(|n|(|n|+1))1/2B. The solid line is a linear fit of Eq. (3) yielding the effective mass m* = (0.031 ± 
0.002)me. Inset: LL peak energies for different indices n show linear dependence on the magnetic field. 
According to our experimental result, there is an energy difference of about 9 meV between the n = 0 LL 
of the massless and massive Dirac fermions. (d) and (e), Schematic low-energy band structure of 
graphene Bernal trilayer around the K point under zero magnetic field and in the quantum Hall region.  
 
Figure 5. (a) The Fermi velocity of massless Dirac fermions and effective mass of massive Dirac 
fermions obtained in different Bernal trilayers. The open circle (sample 9) is the experimental data 
reported in ref. [3]. The sample indices are indexed from 1 to 9 with increasing the Fermi velocity. (b), 
Low-energy band structure of Bernal graphene trilayer for different nearest-neighbor intralayer hopping 
parameters (here, only the nearest-neighbor intra- and interlayer hopping parameters are considered). 
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